Nitrobacter spp. are gram-negative microorganisms that gain energy from the oxidation of nitrite to nitrate. Nitrobacter strains are ubiquitous in nature and have been isolated from several environments, including soil, building sandstone, and sewage sludge (4, 6) . So far, three species of Nitrobacter, Nitrobacter winogradskyi (30) , N. hamburgensis (5) , and N. vulgaris (4), have been described. Most strains are facultatively lithotrophic. In addition to growing lithotrophically, they are able to grow mixotrophically with NO 2 Ϫ and organic components or heterotrophically solely with organic components. The oxidation of nitrite is catalyzed by nitrite oxidoreductase (NOR), located at the inner side of the cytoplasmic and intracytoplasmic membranes of Nitrobacter cells (25, 27) . Depending on the isolation procedure, the enzyme of N. hamburgensis was shown to consist of two or three major subunits with molecular masses of approximately 115,000, 65,000, and 32,000 Da (15, 26) . The third protein, with a molecular mass of 32,000 Da, was not present when NOR was purified by heat treatment (15) . In N. winogradskyi and N. vulgaris, NOR consists of similar subunits with nearly the same molecular masses (4) .
Immunological methods offer the possibility of rapid, sensitive, and extremely specific quantification of bacteria in the environment. The techniques have been used to assess the diversity of ammonia-and nitrite-oxidizing bacteria in aquatic habitats and soil (1, 11, 20, 21, 24, 29) . Quantification of genera or groups of bacteria by immunological techniques may, however, be problematic if the antibodies are too specific, recognizing only the cells which were used for immunization. In this paper, monoclonal antibodies (MAbs) recognizing NOR are described. The enzyme is ubiquitous in all species of the genus Nitrobacter, and evidence that the MAbs recognize NOR in N. hamburgensis, N. winogradskyi, and N. vulgaris is presented.
MATERIALS AND METHODS

NOR.
Purified NOR was kindly provided by M. Meincke, Institut für Allgemeine Botanik, Universität Hamburg. The purification procedure has been described by Meincke et al. (15) .
Production of MAbs. The MAbs were produced, with a few modifications (17), by the procedure described by Köhler and Milstein (13) . The purified enzyme was adsorbed to aluminium hydroxide [AlO(OH), 1 mg; enzyme, 10 to 25 g] and injected intraperitoneally into mice (CF1 ϫ BALB/c). Positive hybridoma culture supernatants were identified by the enzyme-linked immunosorbent assay (ELISA) procedure described below, and hybridomas were cloned by the limiting dilution technique (31 The bacteria were all grown aerobically, and the cell density was adjusted to 10 9 cells ⅐ ml Ϫ1 prior to sonification as described below.
SDS-PAGE and immunoblotting. Bacteria were harvested by centrifugation at 10,000 ϫ g for 10 min and washed twice in phosphate-buffered saline (PBS) (25 mM sodium phosphate [pH 7.2], 125 mM NaCl). The cell density was adjusted to 10 9 cells ⅐ ml
Ϫ1
, and samples of 2 ml were sonicated on ice three times (20 kHz, 200 W) for 90 s (Branson Sonifier 250). The sonicated samples were mixed (1:1) with 62.5 mM Tris-HCl sample buffer (pH 6.8) containing 2% SDS, 10% glycerol, 5% 2-␤-mercaptoethanol, and 0.0025% bromophenol blue, and the solution was boiled for 8 min. Samples (20 l) containing proteins from 2 ϫ 10 7 bacteria were loaded on lanes of 1-mm-thick polyacrylamide gels. The gels were prepared as described by Laemmli (14) . The stacking and separating gels contained 4 and 12% polyacrylamide, respectively. Electrophoresis took place at 200 V in a Mini Protean II Dual Slabcell (Bio-Rad Laboratories, Richmond, Calif.). The marker proteins (Bio-Rad) included phosphorylase b (106 kDa), bovine serum albumin (BSA) (80 kDa), ovalbumin (49.5 kDa), carbonic anhydrase (32.5 kDa), and lysozyme (18.5 kDa).
Proteins separated by SDS-PAGE were electroblotted onto a nitrocellulose membrane in a 25 mM Tris-192 mM glycine transfer buffer (pH 8. ELISA. Maxisorb microtiter plates (Nunc, Roskilde, Denmark) were coated overnight at 5ЊC with about 10 6 cells which had been washed twice, resuspended in PBS, and sonicated as described above. After blocking for 5 min in 50 mM Tris-HCl (pH 10.2) containing NaCl (0.15 M), 0.5% BSA, and 2% Tween 20, the plates were incubated for 2 h at room temperature with antibodies diluted 1:2,000. The plates were then incubated with peroxidase-conjugated goat antimouse immunoglobulins (P447; Dako), diluted 1:1,000, for 2 h at room temperature. Between each step, the plates were washed three times in 50 mM Tris-HCl (pH 10.2)-buffered saline (0.15 M) containing 0.05% BSA and 0.05% Tween 20. The same buffer with 0.5% BSA was used for all dilutions. Color was developed by addition of 1,2-phenylenediamine dihydrochloride (Dako) and H 2 O 2 . Staining intensity was measured at 492 nm.
Cell growth. Cell growth experiments were performed in triplicate with 500-ml bottles containing 100 ml of the lithotrophic or mixotrophic media described above. A lithotrophic culture was harvested at the beginning of the stationary phase of growth, washed twice in PBS, and inoculated to a cell density of 10 5 ⅐ ml Ϫ1 as determined by acridine orange direct counting (see below). The cultures were grown at 27ЊC. One bottle of mixotrophically grown cells and one bottle of lithotrophically grown cells were harvested at days 8 and 9.75, respectively, following the depletion of the nitrite and sonicated as described above. The remaining cultures were harvested after 14 days of incubation.
Counting and analysis. Cells were quantified by acridine orange direct counting on a 0.2-m-pore-size Nuclepore filter (10) . Nitrite was determined colorimetrically by a Danish Standard procedure (7).
RESULTS
A total of three hybridoma cell lines producing MAbs reactive to NOR were isolated. The purified MAbs, all of the immunoglobulin G1 type, were named Hyb 153.1, Hyb 153.2, and Hyb 153.3. Immunoblotting of the purified enzyme separated by SDS-PAGE showed that Hyb 153.2 recognized a protein with a molecular mass of 115,000 Da while Hyb 153.1 and Hyb 153.3 recognized a protein with a molecular mass of 64,000 Da (Fig. 1) . Similarly, the antibodies reacted to proteins with the same molecular masses when the immunoblot was prepared with sonicated cells of N. hamburgensis (Fig. 1) [mean Ϯ standard deviation]) was observed in mixotrophic cultures in which the nitrite was removed within 8 days. Lithotrophically grown cells consumed the same amount of nitrite within 10 days (not shown), and for these cells a growth rate of 0.770 Ϯ 0.039 day Ϫ1 (mean Ϯ standard deviation) was calculated. As shown by the high absorbance obtained by ELISA, the largest amount of NOR was observed in mixotrophically growing cells (Fig. 4) . For these cells, the absorbance and accordingly the amount of NOR still increased after the depletion of nitrite. A smaller amount of NOR was found in lithotrophic cells, and in contrast to the case for mixotrophically growing cells, only a weak reaction of Hyb 153.3 with NOR could be observed after starvation for 4 days without nitrite (Fig. 4) .
DISCUSSION
Several immunological assays have been used to detect and quantify nitrifying bacteria in natural samples (24, 29) . For example, immunofluorescence microscopy has been used to detect specific strains of nitrite-oxidizing bacteria in soil (18) . Because most of these investigations were done with antibodies reactive to specific strains, no general information concerning the whole genus was available. Völsch et al. (28) used polyclonal antibodies against two serotypes of Nitrosomonas and flow cytometry to quantify ammonia-oxidizing bacteria in sewage sludge. They demonstrated a relationship between the ammonia-oxidizing activity of several sludges and the presence of one of the serotypes. However, one drawback of this approach might be the presence of dominating Nitrosomonas strains not recognized by the strain-specific antibody used. Recently, Sandén et al. (19) used MAbs for the quantification of Nitrobacter and Nitrosomonas organisms in activated sludge. Although there was a good correlation between activity measurements and cell numbers, whether the antibodies react with strains of Nitrobacter except for that of the Stockholm region used for immunization is questionable. Another approach to count Nitrobacter populations in soil is the PCR technique, which should detect all bacteria of this genus (8) . In this report, MAbs directed against NOR isolated from N. hamburgensis are described. Assays with such antibodies recognizing a key enzyme of the genus Nitrobacter may be more advantageous than antibodies recognizing antigens of the outer cell surface of a specific strain. As shown by SDS-PAGE and immunoblotting analysis, the MAbs recognized subunits of the enzyme with a molecular mass of either 64,000 or 115,000 Da. These values are close to previously described molecular masses for the ␣ and ␤ subunits of NOR (15, 26) . Similar reactions were observed when the immunoblotting was done with lithotrophically growing cells that had been disrupted by sonification. None of the antibodies recognized intact cells of N. hamburgensis, which is in accordance with the location of the NOR at the inner side of the cytoplasmic and intracytoplasmic membranes (25, 27) . Analysis of environmental samples, therefore, may require extraction of the Nitrobacter organisms from the environmental matrix prior to a disruption of the cells. N. hamburgensis, N. winogradskyi, and N. vulgaris are the three described species of Nitrobacter. The MAbs recognized not only the NOR of N. hamburgensis, which was the antigen used for immunization, but also the NORs of N. winogradskyi and N. vulgaris. It seems reasonable that the MAbs might react with all Nitrobacter strains, including those which do not belong to the described species (23) . Although in soils, rocks, building stones, and freshwater ecosystems Nitrobacter is the only nitrite-oxidizing genus known (3), there may exist other genera which may have different nitrite-oxidizing pathways. How the MAbs will react to such genera is at present unknown. We and others also studied how the MAbs reacted to marine genera. The nitrite-oxidizing system of Nitrospira marina and Nitrospira moscoviensis was recognized by Hyb 153.3 only, while no reactions by any of the MAbs with organisms of the genera Nitrococcus and Nitrospina were observed (22) .
The MAbs reacted specifically with the NOR, because no reaction was found with whole-cell extracts from 15 species representing 10 genera of widespread bacteria. It has recently been shown that the dissimilatory nitrate reductases of E. coli, NRA and NRZ, have significant similarities to the ␤ subunit of NOR (12) , but no reaction was observed with any of the MAbs when E. coli was used as a test organism.
Besides growing lithotrophically, strains of Nitrobacter can grow mixotrophically in a medium with both nitrite and organic components (2, 4, 5) . We compared the amounts of NOR of N. hamburgensis during lithotrophic and mixotrophic cell growth. In accordance with the findings of Bock et al. (5), nitrite was oxidized most rapidly in mixotrophically grown cells, in which the growth continued after the depletion of the nitrite, solely on the basis of the organic components. The MAbs used in this study were most reactive with mixotropically growing cells, indicating that NOR is present at a higher concentration than under lithotrophic conditions.
The use of immunological techniques in microbial ecology, in which assays for quantification of a whole genus are often needed, has been limited by the high degree of specificity of the antibodies. In the present work, MAbs recognizing NOR, which is ubiquitous in members of the genus Nitrobacter, have been developed and described. In most habitats except seawater and heating systems, Nitrobacter spp. are the only nitriteoxidizing bacteria which have been described so far (3, 9) . The antibodies recognize the key enzyme of the nitrite oxidation and can be used to quantify the amount of NOR and thereby the activity stage of the cells rather than the biomass alone. This may lead to a better understanding of the nitrification process in natural samples.
